Abstract. It is well-known that oxazolone b 2 ions fragment extensively by elimination of CO to form a 2 ions, which often fragment further to form a 1 ions. Less well-known is that some oxazolone b 2 ions may fragment directly to form a 1 ions. The present study uses energy-resolved collision-induced dissociation experiments to explore the occurrence of the direct b 2 →a 1 fragmentation reaction. The experimental results show that the direct b 2 →a 1 reaction is generally observed when Gly is the C-terminal residue of the oxazolone. When the C-terminal residue is more complex, it is able to provide increased stability of the a 2 product in the b 2 →a 2 fragmentation pathway. Our computational studies of the relative critical reaction energies for the b 2 →a 2 reaction compared with those for the b 2 →a 1 reaction provide support that the critical reaction energies are similar for the two pathways when the C-terminal residue of the oxazolone is Gly. By contrast, when the nitrogen of the oxazolone ring in the b 2 ion does not bear a hydrogen, as in the Ala-Sar and Tyr-Sar (Sar=N-methylglycine) oxazolone b 2 ions, a 1 ions are not formed but rather neutral imine elimination from the N-terminus of the b 2 ion becomes a dominant fragmentation reaction. The M06-2X/6-31+G(d,p) density functional theory calculations are in general agreement with the experimental data for both types of reaction. In contrast, the B3LYP/6-31+G(d,p) model systematically underestimates the barriers of these S N 2-like b 2 →a 1 reaction. The difference between the two methods of barrier calculation are highly significant (PG0.001) for the b 2 →a 1 reaction, but only marginally significant (P=0.05) for the b 2 →a 2 reaction. The computations provide further evidence of the limitations of the B3LYP functional when describing S N 2-like reactions.
Introduction
T he fragmentation of protonated peptides, which have been activated by collision, frequently occurs by cleavage at the amide bonds of the peptides [1] . If the charge remains on the N-terminus fragment one obtains a b n ion while charge retention on the C-terminal fragment leads to a y n ion [2, 3] . Usually it is these series of b n and y n ions resulting from cleavage of the various amide bonds that provide the most significant information as to the amino acid sequence of the peptide. Because of their importance in peptide sequencing, there has been considerable activity in exploring the factors that influence the cleavage reactions occurring as well as the structures and further fragmentation reactions of the primary fragment ions formed.
It has been established [4, 5] that y n ions are protonated amino acids (y 1 ) or protonated truncated peptides (y n ) although the prediction as to which y n ions will be observed still is not straightforward. Initially it was proposed [2, 3] that b n ions were substituted acylium ions but it has been shown [6] [7] [8] [9] that simple b 1 ions (α-aminoacylium ions) are unstable and lose CO exothermically to form the appropriate iminium ion; thus, b 1 ions are rarely observed. On the other hand, larger b n (n≥2) ions are regularly observed, suggesting that they do not have an acylium ion structure. Extensive tandem MS studies, H/D exchange studies, and theoretical studies, primarily of simple smaller b n ions, have provided strong evidence [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] for a protonated oxazolone structure formed by nucleophilic attack by the next adjacent carbonyl group as the amide bond is breaking. The proposed oxazolone structure has been supported by a number of infrared multiphoton dissociation (IRMPD) studies [21] [22] [23] [24] [25] of small b n ions.
An alternative cyclization reaction for b 2 ions involves nucleophilic attack of the N-terminal amine group on the carbonyl function as the amide bond is breaking. This results in formation of a protonated diketopiperazine (cyclic dipeptide). Paizs and Suhai [1] have pointed out that such a cyclization involves a trans-cis isomerization of the first amide bond that is not being broken and that such an isomerization has a significant energy barrier. However, there are a number of cases [26] [27] [28] [29] [30] where diketopiperazine formation has been observed. These involve systems where a side-chain group, such as in His and Arg, acts as a catalyst for the isomerization.
The present paper is concerned with the fragmentation reactions of b 2 ions with an oxazolone structure. It is wellknown [10, 15, 31] that a major fragmentation channel of oxazolone b 2 ions is elimination of CO to form the a 2 ion. A detailed pathway for this fragmentation reaction has been established from density functional theory and threshold collision-induced dissociation studies [31] [32] [33] . It is wellknown [32] [33] [34] that a 2 ions fragment, in part, to form the a 1 iminium ion. However, it is less well-known that a 1 ions may arise, in some cases, directly by fragmentation of b 2 ions [10, 15, 35] . Again, the detailed pathway has been established from density functional theory and threshold collision-induced dissociation studies [31] [32] [33] . In the present work, we apply both energy-resolved CID studies and theory to a systematic study of the occurrence of the direct b 2 →a 1 reaction.
Experimental
The experimental work was carried out using an electrospray/ quadrupole/time-of-flight (QqToF) mass spectrometer (QStar XL; SCIEX, Concord, Canada). The work reported here involved quasi-MS 3 studies of fragment ions. In this approach CID in the interface region produced fragment ions with those of interest being selected by the quadrupole Q for CID in the collision cell q and analysis of the products by the time-offlight analyzer. The cone voltage in the interface region was varied to give the best yield of the b 2 ion of interest; the CID mass spectra of the b 2 ions (MS 3 ) were independent of the cone voltage employed to generate the precursor b 2 ions. By varying the collision energy in the quadrupole cell q breakdown graphs, expressing the relative ion signals as a function of collision energy, were constructed.
Ionization was by electrospray with the sample, at micromolar concentration in 1:1 CH 3 OH:1% aqueous formic acid, being introduced into the source at a flow rate of 10 μLmin -1 . Nitrogen was used as nebulizing gas and drying gas and as collision gas in the quadrupole collision cell.
The peptides Ala-Sar-Ala-Ala-Tyr-Ala and Tyr-Sar-AlaAla-Ala-Ala were obtained from Celtek Peptides (Nashville, TN, USA). All other peptide samples were obtained from Bachem Biosciences (King of Prussia, PA, USA). None showed impurities in their mass spectra and they were used as received.
Computational Methods
Density functional theory calculations were performed with the Gaussian 09 suite of programs [36] . Multiple minima, transition structures, and product ion geometries were optimized with the B3LYP [37] [38] [39] and M06-2X [40, 41] functionals. The 6-31+G(d,p) basis set was employed and local energy minima were confirmed with frequency calculations. Multiple transition structures (TSs) for both the critical b 2 -a 1 and b 2 -a 2 bond cleavage reactions and those occurring within the resulting proton-bound dimers were investigated for a suite of b 2 ions with the following sequences: GlyGly, AlaGly, ValGly, TyrGly, GlySar (Sar = N-methylglycine), AlaSar, TyrSar, GlySarF 3 (where the N-CH 3 in Sar is replaced with N-CF 3 ), AlaPro, ValPro, ProPro. This enabled comparison of theory to experimental results and also extrapolation to related compounds. The results of the two computational methods were compared with our experimental findings and also to each other. A t-test was performed to determine if there was any statistical difference for the two methods for the two reaction types.
Experimental Results
Breakdown graphs were obtained for the b 2 ions derived from Ala-Gly-Ala, Val-Gly-Gly, Leu-Gly-Gly, Val-Ala-p-NA (ValAla-para-nitroanilide), Phe-Gly-Gly, Tyr-Gly-Gly, and PheLeu-NH 2 . All these b 2 ions are expected to have a protonated oxazolone structure. For the first four cases, the only product ions observed were the a 2 ion and the a 1 ion. For the Phe-Gly and Tyr-Gly b 2 ions, in addition to the a 2 and a 1 ions, a minor signal is observed at m/z 132 and 148, respectively, in addition to the respective a n ions (Figure 1 ). For both cases, these minor ions result from elimination of CO+NH 3 from the a 2 ion [42] .
The a 2 ions readily undergo further fragmentation to form a 1 ions, as has been observed previously [34] . For the a 2 ions derived from b 2 ions where the Gly residue was part of the oxazolone ring in the original b 2 ions no signal for the Gly iminium ions were observed. Similarly, the a 2 ion derived from Val-Ala did not fragment to give the Ala iminium ion. This is logical if proton affinities (PAs) are considered as the departing C-terminal Gly/Ala imine has substantially lower PA (~205, 208, and~215, 217 kcal/mol, values for Gly and Ala from M06-2X, B3LYP/6-31+G(d,p) levels of theory, respectively) than the larger N-terminal residue/imine. The calculated imine proton affinities are in reasonable agreement with those calculated previously [34] . On the other hand (Figure 2 ), both the Phe iminium ion (m/z 120) and the Leu iminium ion (m/z 86) are observed on fragmentation of the a 2 ion derived from the Phe-Leu b 2 ion, indicating that the much larger leucine imine has a competitive proton affinity with the Phe imine. This is in agreement with earlier observations [34] . It is also clear from Figure 2 that in this case the b 2 ion does not fragment directly to the a 1 ion to any significant extent at low collision energies.
The ready fragmentation of a 2 ions to form the relevant a 1 ions creates some difficulties in determining the branching ratio for direct formation of a 2 and a 1 ions from b 2 ions. Table 1 records the observed a 1 /a 2 ratios in fragmentation of six b 2 ions as a function of collision energy. Over the lowest collision energy range 6-8 eV, the ratios remain essentially constant but increase as the collision energy is increased further, probably because of the increasing impact of the a 2 →a 1 fragmentation reaction. As Figures 1 and 2 show, the extent of fragmentation of the b 2 ion is relatively small at 6-8 eV collision energy and it appears that the a 1 /a 2 ratios measured at these low collision energies may provide a reasonable estimate of the branching ratio for fragmentation of the respective b 2 ions. Support for this assertion comes from earlier metastable ion studies. Yalcin et al. [10] reported that metastable ion fragmentation of the Leu-Gly b 2 ion gave an a 1 /a 2 ratio of 2.0. Ambihapathy et al. [35] reported an a 1 /a 2 ratio of 0.44 in the metastable ion fragmentation of the Phe-Gly b 2 ion. A more extensive study of the metastable ion fragmentation of b 2 ions was reported by Harrison et al. [15] using fast atom bombardment ionization and B/E linked scans on an EB doublefocussing mass spectrometer. They reported an a 1 /a 2 ratio of 0.16 for fragmentation of the Ala-Gly b 2 ion, an a 1 /a 2 ratio of 1.1 for fragmentation of the Leu-Gly b 2 ion, and an a 1 /a 2 ratio of 0.55 for fragmentation of the Phe-Gly b 2 ion. They also reported an a 1 /a 2 ratio of 0.10 for metastable ion fragmentation of the Val-Ala b 2 ion. For correctness, we note that the present experimental study does not provide unambiguous evidence for the exclusive formation of the a 1 ion upon direct fragmentation of the b 2 ion, fragmentation observed at lower CID energies may provide information on the relative energies on the b 2 →a 1 , b 2 →a 2 , and even the a 2 →a 1 processes. Table 1 additionally illustrates an experimental trend as a function of the size of the aliphatic N-terminal residue (Ala-Gly→Val-Gly→Leu-Gly) whereby the ratio of a 1 /a 2 increases with size. This is presumably due to the increased ability to stabilize the protonated imine leaving group in the b 2 →a 1 transition structure and products. Evidence in support of this is provided by our density functional theory calculations (Table 2) 
Mechanistic Considerations
The fragmentation reactions of simple oxazolone b 2 ions have been studied in detail involving threshold CID and computational studies by Siu and co-workers [32, 33] and by Armentrout and Clark [31] . These studies have established detailed pathways for the b 2 →a 2 and b 2 →a 1 fragmentation reactions. A simplified version of the pathway for the b 2 →a 2 fragmentation is shown in Scheme 1. Initially, it was believed [10, 35, 43] that the a 2 ion was a substituted imine ion shown as Breakdown graph for the Tyr-Gly b 2 ion derived from Tyr-Gly-Gly a 2 in Scheme 1. However, the computational studies [31] [32] [33] as well as IRMPD studies [44] [45] [46] have shown that the cyclic structure is more stable and can be readily formed (Scheme 1). It should be noted that the calculations show [31] [32] [33] that the transition state for loss of CO is considerably higher than the energies of either a 2 or a 1 products. This is in agreement with observations [10, 35] that there is considerable release of kinetic energy in the metastable ion fragmentation of b 2 ions to a 2 ions.
A somewhat simplified version of the pathway elucidated [31] [32] [33] for the b 2 →a 1 fragmentation reaction is presented in Scheme 2. The essential features involve cleavage of the bond between the carbon of the oxazolone ring and the R 1 CHNH 2 group. This is followed by transfer of a proton from the sidechain amine function to the carbon of the oxazolone ring and transfer back of the hydrogen attached to the nitrogen of the oxazolone ring and cleavage to give the a 1 iminium ion. The highest energy structure is TS1, which is only slightly higher in energy than the final products. This is consistent with the observation [35] that the metastable ion fragmentation reaction b 2 →a 1 involves only a small release of kinetic energy.
Support for the fragmentation pathway outlined in Scheme 2 comes from our observation that when the nitrogen of the oxazolone ring does not bear a hydrogen atom, a 1 ion formation from the b 2 ion does not occur but rather the b 2 ion eliminates a neutral imine. Consequently, the b 2 →a 1 pathway can either produce a protonated imine (a 1 immonium ion) if the final proton transfer occurs or if this does not occur and dimer separation occurs an N-terminally truncated protonated oxazolone is produced. Figure 3 shows the breakdown graph for the Ala-Sar b 2 ion (Sar=N-methylglycine). There is minor formation of the a 2 ion (m/z 115); however, the major primary fragmentation pathway results in formation of m/z 100, corresponding to elimination of CH 3 CH=NH from the b 2 ion producing an oxazolone ring with a H atom rather than the CH 3 CH-NH 2 group on its nominally N-terminal side (i.e., bonded to the carbonyl carbon of residue 1; alanine). The m/z 100 product fragments further by successive elimination of CO neutrals. The energetics of this process are supported by our density functional theory calculations, which clearly show a preference for the b 2 →a 1 fragmentation reaction (barrier, ΔH 0K =23.1, 27.6 kcal/mol, Table 2 ) and its m/z 100 products (25.1, 34.0 kcal/mol, Supplementary Table S1) relative to the b 2 →a 2 pathway, which is limited by the comparatively high energy transition structure that requires at least 38.1, 37.8 kcal/ mol to access (Table 2) . A similar experimental result is obtained ( Figure 4) for fragmentation of the Tyr-Sar b 2 ion. Again, elimination of the neutral Tyr imine (135 u) to form m/z 100 is the major primary fragmentation pathway. A similar result has been reported by Wysocki and co-workers [47] , who observed that the b 2 ion derived from Val-(N-methyl-Ala)-AlaPro-Arg fragmented exclusively by loss of a neutral of 71 u, which was shown to correspond in composition to the neutral Val imine. In terms of the pathway of Scheme 2, the final Htransfer from the nitrogen of the oxazolone is blocked by the methyl group of the N-methyl-glycine and N-methyl-alanine, with the result that neutral imine elimination is observed as the dominant primary fragmentation pathway of the b 2 ion. Minor formation of the Tyr iminium ion (m/z 136) is observed at higher collision energies. Our calculations predict a postcarbon-carbon bond cleavage, proton-bond dimer comprised of a protonated Tyr iminium ion hydrogen-bonded to a neutral "zwitterion" Sar oxazolone ring ( Figure 5 ). Nominally, this leaves the ring with a fixed positive charge from the N-CH 3 and a negative C as it only has three bonds to it (a carbanion). Practically, the calculations indicate that this charge is more delocalized. The neutral, "zwitterion" Sar oxazolone ring has a PA of~230, 233 kcal/mol versus the Tyr imine, which is~223, 225 kcal/mol depending on the computational model. Consequently, the PA of the tyrosine imine is apparently high enough to keep the proton at least some of the time, presumably when the complex has at least 6-8 kcal/mol more energy than the lowest energy form, which fits with the experimental finding of this only occurring at higher collision energy, separation prior to an equilibrium being set up in the dimer.
Computational Studies
(1) Problems with Models? Our computational findings are summarized in Table 2 and the Supporting Information (Supplementary Tables S1 and S2 ). This encompasses 11 rationally selected oxazolone b 2 ion systems and two model chemistries. Practically, this means the presence of both types of a n product ion is now supported by theory. To assess whether the two models really were producing statistically different values, we utilized a paired t-test for comparing individual differences [48] to investigate the two methods for each fragmentation reaction. For the b 2 -a 2 reaction measurements, we find t calc =2.301 and with t table,95% =2.262 (i.e., this is technically, a significant difference between the models, but it is right on the border of non-significance). For example, removal of one data point returns the result to being not significant. Consequently, without additional data, it is not clear if the effect is real or just fortuitous for the b 2 -a 2 reaction measurements. In contrast, the b 2 -a 1 reaction measurements provide a much stronger case for significant differences between the methods; t calc =9.497, which is substantially greater than t table even at 99.9% confidence (t table,99.9% =4.781), indicates a significant difference between the methods is present. Why does B3LYP perform so poorly (and differently) for the b 2 -a 1 reaction? The b 2 -a 1 reaction transition structure is structurally similar to S N 2-type reactions. The B3LYP functional has been shown to systematically underestimate the activation barrier height calculations for S N 2 reactions by "overestimating the nondynamical electron correlation" and thereby providing spurious stability to systems (i.e., lowering the energy) [49, 50] . Thus, B3LYP barriers from these types of calculations should be viewed as lower bounds/estimates for the reaction [51, 52] . The much more recent M06-2X method does not appear to suffer from these issues. In light of these findings, we shall utilize the M06-2X/6-31+G(d,p) values for the remainder of the discussion.
(2) Trends and Predictions from Theory Our calculations are in general agreement with those performed previously by the Siu and Armentrout groups [31] [32] [33] on Gly-and Alacontaining oxazolone b 2 ions. We extend the preceding analyses to additional systems to probe the effect of systematic Nterminal/C-terminal residue change ( Table 2, Supplementary  Tables S1 and S2 ). Our combined calculations and experimental work indicate that there is likely a greater prevalence of the b 2 →a 1 reaction than had previously been imagined. This is probably due to the multiple means of generating a 1 ions and also experimental discrimination against low m/z ions in general. Additionally, we provide evidence for some trends based on our electronic structure calculations. For example, by increasing the size of the N-terminal alkyl residue, we see a reduction of the calculated b 2 →a 1 barrier. This is likely due to the increased b 2 →a 1 transition structure charge stabilization provided by the departing protonated imine alkyl side chain. A concomitant increase in the b 2 →a 2 barrier is also observed. Furthermore, the presence of an N-terminal aryl side chain seems to have a stabilizing effect on the b 2 →a 1 TS relative to the shorter alkyl chains (H, CH 3 ).
Going from a C-terminal Gly residue to the fixed charge Sar residue (N-methylglycine) results in an increase in the b 2 →a 2 barrier, which is most prevalent when the N-terminal residue is larger. A corresponding decrease in the b 2 →a 1 barrier is observed too. N-terminal Gly is still substantially less favorable than other, larger residues for this reaction because of its limited ability to stabilize the transition structure. Switching the C-terminal Sar residue for SarF 3 (N-trifluoromethylglycine) results in a small decrease in the b 2 -a 2 barrier and in contrast to the non-fluorinated systems, the b 2 →a 1 barrier is significantly reduced too (7.6 kcal/mol). The difference for the b 2 →a 2 barrier is due to a change in the nature of the hydrogen bonding in the transition structure providing additional stability. The GlySarF 3 form has a rotated N-terminus so that H ….
F bonds are formed between the electronegative fluorine atoms and an Nterminal hydrogen and one of the C alpha hydrogens. Why then the huge difference for the b 2 -a 1 barrier? As the leaving group involved in the TS (formation of H 2 N + =CH 2 ) remains unchanged and the general arrangement of the atoms is very similar here, the effect is likely due to the effect of having the electron withdrawing CF 3 group adjacent to the charged ring nitrogen. This is inherently unstable as is pulls electron density away from the cation, which in turn has the effect of increasing the likelihood of the b 2 →a 1 reaction, as this reaction transfers electron density toward the nitrogen to form a net neutral species.
It has been reported [53] and confirmed in this laboratory (AGH), that a major fragmentation channel of the Pro-Pro b 2 ion involves elimination of a neutral imine, possibly cyclic, to form a fragment ion of m/z 126. On the surface, this would seem to be analogous to the imine elimination reactions discussed above, and we have extended the computational analysis to study the fragmentation of the Ala-Pro, Val-Pro, and Pro-Pro b 2 ions with oxazolone structures ( Table 2 ). The results of this analysis show that for the Ala-Pro and Val-Pro b 2 ions, fragmentation to form a 2 ions is slightly favored over imine elimination. This is consistent with the experimental observation (unpublished results) that these b 2 ions fragment primarily to form a 2 ions with only minor elimination of an imine to form m/z 126. On the other hand, the calculations indicate that for the oxazolone form of the Pro-Pro, b 2 ion fragmentation by imine elimination is favored substantially over CO elimination to form the a 2 ion. However, there are complications. Although it has been shown [29] that the Ala-+ -+ Figure 5 . Tyr-Sar b 2 oxazolone fragmentation; the b 2 →a 1 reaction post-carbon-carbon bond cleavage, proton-bond dimer comprised of a protonated Tyr iminium ion hydrogen-bonded to a neutral "zwitterion" Sar oxazolone ring
Pro and Val-Pro b 2 ions are formed primarily with an oxazolone structure, very recent work by Oomens and coworkers [54] has led to the conclusion that the Pro-Pro b 2 ion has a protonated diketopiperazine structure rather than an oxazolone structure when generated from small polyprolines. As yet, it is unclear whether the Pro-Pro b 2 ion is always a diketopiperazine structure irrespective of precursor ion sequence (or charge state). For the purposes of the present discussion of energetics, we will proceed from the premise that a b 2 oxazolone structure might be formable under the correct circumstances. Our computational analysis of oxazolone b 2 ions containing C-terminal Proline (Pro) residues illustrates a modest increase in the b 2 →a 2 barrier as the N-terminal residue increases in size. Despite the increased size of the N-terminal residue in the ValPro b 2 ion, we see essentially no change (and perhaps a slight increase) in the b 2 →a 1 barrier relative to the AlaPro congener. This is due to the bulk of the Val side chain limiting the favorable hydrogen bonding possibilities in the transition structure. Consequently, the benefit of having a much more stabilized leaving group is confounded by the inability to hydrogen bond as effectively with the adjacent oxazolone ring oxygen. Lastly, the ProPro oxazolone b 2 →a 1 reaction involves a less bulky, secondary imine leaving group, which has a larger proton affinity [~221 kcal/mol, M06-2X/6-31+G(d,p)] than either the Val (~219 kcal/mol) or Ala (~215 kcal/mol) congeners. Consequently, it is not surprising that this b 2 →a 1 reaction has the lowest energy barrier of the systems calculated here.
Conclusions
Experimentally, the present study shows that oxazolone b 2 ions with the Gly residue as part of the oxazolone ring fragment not only by CO elimination to form the a 2 ion but also, in part, fragment directly to form the a 1 ion. Indeed, in a number of systems the a 1 ion is more abundant than the a 2 ion near the threshold for fragmentation. The computational studies of the transition state energies for the b 2 →a 2 channel and the b 2 →a 1 channel show that, with the exception of the Gly-Gly b 2 ion, the transition state energies are similar, making formation of a 1 competitive with formation of a 2 .When the nitrogen of the oxazolone ring does not bear a hydrogen, as in the Ala-Sar and Tyr-Sar b 2 ions, the final proton transfer step leading to a 1 formation (Scheme 2) cannot take place and a neutral imine is eliminated instead. Again the computational studies show that this is the most favorable fragmentation pathway.
Finally, significant differences (PG0.001) between the M06-2X and B3LYP models were found when investigating the b 2 →a 1 . Based on the experimental findings, B3LYP systematically underestimates these barriers, whereas the M06-2X model appears to be much more realistic. The computations provide further evidence of the limitations of the B3LYP functional when describing S N 2-like reactions.
